Investigation of protein-polymeric surface interaction requires reliable practical techniques for evaluation of the efficiency of protein immobilization. In this study the efficiency of protein immobilization was evaluated using three different techniques: (1) protein-binding assay with fluorescent detection and (2) quantification, and (3) atomic force microscopy. This approach enables us to rapidly analyse the adsorption properties of different proteins. The comparative physical-chemical adsorption of α-chymotrypsin, human serum albumin, human immunoglobulin, lysozyme, and myoglobin in the microchannels fabricated via a localized laser ablation of a protein-blocked thin gold layer (50 nm) deposited on a Poly(methyl methacrylate) film has been studied. Correlations were observed between the quantitative and qualitative differences depending on both protein and polymeric surface hydrophobicity.
INTRODUCTION
Protein arrays are currently under intensive exploration, but many critical aspects of their fabrication (e.g. protein-surface interaction) and functions (protein-protein interaction) are grossly underestimated when an analogy with DNA arrays is done. 1 In respect of rapidity and moderate cost of biosensing, these systems offer an attractive alternative to the existing methods allowing rapid, efficient, and quantitative protein detection. [2] [3] [4] [5] Most technologies for the fabrication of protein chips have to ensure the confinement of different protein molecules in localized areas, flat, 2D, or profiled, '2D+' micro-areas. The profiled features have the advantage of minimization of inter-spot contamination and the drawback of more difficult access of the recognition biomolecule (e.g. antigen for antibody microarray) in a micro-confined area, but an optimal shallow profile feature would take advantage of the benefit of the former and mitigate the latter.
Among the enabling technologies for the above biomolecule micropatterning methods, laser beams are capable, depending on the exposure energy and the sensitivity or absorbance of the exposed material, to enable both photolithography and photo-assisted etching. Also, focused laser beams can solve, in principle, a critical fabrication and operating problem of the protein chips better than most other alternative methods, i.e. the controlled and confined variation of the surface properties of the micro-areas where different proteins are deposited. In contrast to the simpler DNA molecules, proteins present extremely various molecular surfaces (e.g. hydrophilic or hydrophobic; acidic or basic; neutral or charged) that interact with the surface via electrostatic forces, hydrogen-bonding, Van der Waals or hydrophobic interactions. This variety of molecular surface -biochip surface interactions can lead to large variations in protein surface concentrations as well as possibly important changing of the protein bioactivity and its denaturation. From here, different processes, in particular biomolecule immobilization on surfaces, have to be developed for protein-protein, enzyme-substrate, protein-DNA, protein-oligosaccharides or protein-drug assay. 6 One logical approach would require the precise tailoring of the surface properties in order to reach the same biomolecule concentration and bioactivity throughout the devices. However, this approach will not only require a very accurate control of the surface properties at the micro or nanometer level, but also a priori knowledge regarding the nature of the deposited proteins and their interaction with surfaces, which is an extremely complex matter.
The present work reports on the comparative investigation of physico-chemical attachment of a number of proteins immobilized in laser ablated shallow-profiled channels in thin gold layer (50 nm) deposited on a Poly(methyl methacrylate) film and on a native Poly(methyl methacrylate) film. We employed a quantification technique of fluorescently labeled proteins using a FluorStar Galaxy Fluor reader and ellipsometric estimation of the thicknesses of polymeric films and adsorbed proteins.
METHODOLOGY

Protein preparations
Human immunoglobulin (HIgG), human serum albumin (HAS), lysozyme, myoglobin, and α-chymotrypsin were purchased from Sigma. Proteins were prepared as stock solutions at a concentration of 2 mg/ml and diluted with TBS to 100 µg/ml as working solutions prior to experiments. AlexaFluor 456 has been used as fluorescent tag that has been conjugated to the selected proteins using FluoroTag Kits purchased from Molecular Probes. The labeling procedure was carried out according to the instructions of the manufacturer. Each protein was used in concentration of 2 mg/ml. The labeled proteins were purified from unconjugated fluorescent dyes using a Sephadex G-25 column. The concentration of labeled proteins was determined by UV-Vis spectroscopy. The Fluorescent dye/Protein molar ratio of the purified protein was determined by measuring the absorbance at 280 nm (for protein) and 556 nm (for AlexaFluor 546).
Preparation of the micro-fabricated structures
Glass slides or cover slips (0.17 mm thick, 24 x 24 mm, Knittel) were sonicated in Nanopure water for 30 min and washed copiously with filtered (0.2 µm) Nanopure water (18.2 MΩ/cm), dried under a stream of high purity nitrogen, and then primed with hexamethyldisilazane. A 4 wt% solution of PMMA in propylene glycol methyl ether acetate (PGMEA) 99% (purchased from Sigma Aldrich Co.) was spin-coated at 3000 rpm for 40 s using a Specialty Coating Systems spin coater (Model P6708). The coated substrates were then soft baked at 85°C for 30 min, and stored in a desiccator prior to and after gold deposition. The deposition of gold was done using a sputtering SEM-coating unit E5100 (Polaron Equipment Ltd) at 25 mA for 90 s at 0.1 Torr. For these conditions, the gold film thickness was 50 nm. The gold-layered substrata were then incubated with bovine serum albumin (BSA) by immersion in a 1% w/v BSA 10 mM phosphate-buffered saline (PBS) solution (pH 7.4) at room temperature for approximately 1 h, and then rinsed with PBS followed by Nanopure water.
Estimation of the thickness of the polymeric films
These experiments were performed with a standard AutoEl-III ellipsometer (Rudolph Research, USA) and its software of Version 3.9. The set-up of the ellipsometric measurements was as follows: PHI=70 0 , λ =632.8 nm. For calculation of a polymer/protein thickness and their refractive indexes, the built-in software, which permits to estimate a local thickness and its refractive index simultaneously, was employed. The glass-slides (24x24x5 mm) with polymeric films were incubated with 600 µl of 0.1 mg/ml of proteins in 10 mM phosphate-buffered saline (PBS) solution (pH 7.4) at room temperature for approximately 1 h, and then rinsed with PBS followed by Nanopure water.
The proteins (20 µl of 70-330 µg/ml), either fluorescently labeled for the visualization and quantification of the protein attachment, or unlabeled for the thickness estimation were deposited onto micropatterned ablated areas and on native PMMA polymeric surfaces in a 'blanket' mode, flooding the whole surface of the micro-assay. For the 'blanket' deposition, the slide was incubated for 30 min at room temperature in a humid chamber, than the slide was washed three times with PBS and twice with Nanopure water. The fluorescence intensities were detected with a FluorStar Galaxy Fluor reader (Germany) by measuring emission at 556 nm with excitation at 583 nm. The results obtained are the mean values of nine repeats from three independent experiments.
Calculation of protein surface parameters
We use an in-house built program, the Protein Surface Properties Calculator 7 that computes the molecular surface using Connolly's algorithm and uses this surface to measure various surface-related molecular descriptors, e.g. surface charge, hydrophobicity and distribution of these at the surface. This program can be downloaded from our website: www.bionanoeng.com. The various protein structures have been collected from the Protein Data Bank (PDB) 8 .
DATA AND RESULTS
Fabrication of micro-structures in Au-deposited PMMA films
There are a number of potentially important surface-related problems of the protein chips technology. Among those are the possible difference between the surface concentration of different proteins on the same surface and the possible surface-induced denaturation of the structure and subsequently the change of the bioactivity of the adsorbed biomolecules. 9 Earlier we developed a model for microarrays in a "bar" code format and showed that some proteins such as IgGs are effectively attached in microfabricated channels and preserve their biological activity. 10 This work was design to further explore the attachment behavior of different proteins on PMMA polymeric surfaces in comparison to that on the ablated areas. Microfabricated channels raise the issue of the fate of the physics and chemistry of the top surface of the bottom layer, which is exposed to large amounts of energy during the ablation of the top layer. According to our recent observations in AFM-measured topography experiments, significant differences occur in the material characteristics near the edges and on the bottom of the ablated areas. The AFM-mapping of the lateral force clearly showed a hydrophilic rim at the edges of the ablated area. 11 Most likely, the laser exposure (in the order of ns) causes the overheating of PMMA to a point where the polymer is melted and chemical reactions start to occur. The expected reactions would be, in order of increasing pyrolysis temperature, (i) the termination of the side ester groups at one of the C-O bonds, resulting in a more hydrophilic material; (ii) depolymerization of the main chain, preserving the same hydrophobicity; and if the process is quick enough (iii) the breaking of the side bonds, resulting in a more hydrophobic material. Thus, there might be three regions in the micro-channel. At the center of the ablated line where the thermal energy would reach a maximum the decomposition is the most advanced, PMMA would experience the breaking side chain C-C groups, resulting in a more hydrophobic material. Between the center and the edge of the ablated line the polymer undergoes depolymerization only. At the edges of the line, where the thermal energy has the lowest levels and the remaining metal layer absorbs the overheating, the polymer is de-esterified (with generation of gases), melted and expulsed over the edges of the micro-well, resulting in a porous, more hydrophilic zone. Therefore, one can assume that such a wide range of different hydrophobicities may facilitate the adsorption of proteins with different surface characteristics. To explore this phenomenon further we studied the adsorption capability of a number of fluorescently labelled proteins including globular (e.g. human serum albumin, myoglobin), of low molecular weight (e.g. lysozyme, α-chymotrypsin), and of greater molecular weight proteins (e.g. IgGs).
Characterization of poly(methyl methacrylate) polymeric films
Poly(methyl methacrylate) is a rather commonly used polymer due to its characteristics, e.g. transparency (>90% transmission), stiffness with excellent uv stability, low water absorption and high abrasion resistance. The hydrophobicity of PMMA estimated by contact angle measurements was ranged from 68 θ to 72 θ indicating its moderate hydrophobic nature.
Characterization of thickness of polymeric films and attached proteins
Null ellipsometry is an optical method for thickness evaluation of polymer-and proteinfilms predominantly used in nanobioengineering. Utilisation of null ellipsometry requires entering a relevant refractive index in order to calculate the thickness, which is commonly within nanoscale range. Null ellipsometry measurements, for example 12 , are principally approximated with a protein refractive index value of ~1.5, which is constant throughout ellipsometric measurements. But it is well known in Nanoscience, for example 13 , that anomalous physical properties manifest themselves in very narrow nanoscale range if sizes of morphological elements, i.e. thickness of layers, average diameter of grains and so on, become comparable with the appropriate characteristic distances (such as short-circuit diffusion paths, dimensions of crystal defects, sizes of magnetic domains, etc.) related to the physical properties such as interdifusivity, microhardness, electrical resistivity, etc.
In the case of null ellipsometry, sizes of morphological elements, i.e. thickness of polymer/protein films, which are varied within nanoscale range (2-500 nm), are comparable with or even less than the wavelength of He-Ne laser radiation (632,8 nm). It should be expected that the appropriate physical property of the polymer/protein nanofilms, namely refractive index, should be anomalously vary with thickness of the polymer/protein nanofilms. Our attention was paid on such possible behaviour of refractive index during routine measurements of thickness for different polymers (PMMA, PTBMA, PSMA, etc) and proteins (myoglobin, α -chymotrypsin, human IgG, HAS, etc). For such aims, the calculation routine, which allows calculation of thickness and refractive index simultaneously for any transparent mono/double layers on any substrate, was selected. Dependence of refractive index for PMMA on its thickness within nanoscale range between 67 and 259 nm displayed on fig. 1 . Strong correlation between refractive index and nanothickness for PMMA polymer films is observed. This relationship was approximated with function of N PMMA =at -b , where N -refractive index of PMMA, tnanothickness of PMMA polymer film, a=188.49 and b=0.88 are constant coefficients for given PMMA polymer films. This correlation makes sense only within the narrow nanoscale range. Beyond the nanoscale range, when t PMMA → ∞ , refractive index (N PMMA ) should come nearer to 1.4846 that is value for PMMA as the bulk polymer 14 . This nanoscale limit for PMMA is reached starting approximately from ~250 nm. For thicker PMMA films, the refractive index should be constant (1.4846), and beyond the thickness of ~250 nm, the PMMA-films should be considered as the bulk PMMA-polymer. Further decreasing of thickness of the PMMA-nanofilms should lead to the refractive index of PMMA-monolayer. The refractive index of PMMA-films within nanoscale thicknesses increases in the factor of 3-4 in comparison with the refractive index for PMMA as the bulk polymer.
Similar relationships for other polymer nanofilms on glass-surfaces treated with HMDS were obtained, namely for Nitrocellulose (a=264.52, b=0.96), PTBMA (a=241.91, b=0.93), and PSMA (a=206.51, b=0.9). Values of the constants are defined with type of materials, which are used for nanofilms manufacturing, and can slightly vary, approaching to the true value, if number of statistical data increase. The thickness of the protein layers on native PMMA polymeric surfaces according to ellipsometric measurements significantly varied from ~61 nm for Lysozyme and Chicken IgG to ~122 nm for Human IgG as shown in Table 2 . The relationship between refractive index and nanothickness for both protein-nanolayers and polymer-naolayers demonstrates a rivers correlation, namely the thiner nanolayer the higher refractive index. 
Protein adsorption in the channels of thin gold layer deposited on a Poly(methyl methacrylate) film and on native poly(methyl methacrylate) films
Comparative adsorption of the selected proteins in the channels of thin gold layer deposited on a Poly(methyl methacrylate) film was visualised using fluorescence microscopy and further quantified using a Fluor reader. Fluorescent images of α-chymotrypsin, human serum albumin, human and chicken IgG, lysozyme, and myoglobin adsorbed in micro channels that were fabricated in a bar-code format are presented in Fig. 3 .
In addition, in order to estimate the effectiveness of protein attachment in microfabricated structures we also studied the protein adsorption on native Poly(methyl methacrylate) films with comparative quantification of fluorescently labelled proteins. The results obtained (Table 2, fig.3-4 ) using three different methodologies are in a good correlation and indicated that in general the protein adsorption was dependant on protein and on initial concentration of protein solution. The protein adsorption in microfabricated channels was more effective comparing to that on native PMAA polymeric surface. Specifically, the adsorption of HAS, HIgG and myoglobin, in the microfabricated channels was as much as 2.5 times more than that on native PMAA surface ( fig. 4 ) and the adsorption of lysozyme was comparable in both cases. 
Characterization of adsorption properties of selected proteins
Molecular properties of proteins and their interactions with surfaces have an effect on protein adsorption, which is one of the first and most important events that occurs when a biological fluid contacts a surface. Such interactions as hydrophobicity [15] [16] , electrostatics 17 and specific binding have been found to be driving forces for protein adsorption. In regards to their tertiary structure, there are five structural classes of proteins, i.e. the class of only-α-helices (e.g. myoglobin), the class of almost exclusively β-sheets (e.g. IgGs, HAS, α-chymotrypsin), the class of α-helix and β-sheet tend to be segregated along the chain (e.g. lysozyme), the class of α-helix and β-sheet tend to alternate along the chain (e.g. adenylate kinase) and the class of no α-helix nor β-sheet (e.g. ferredoxin), miscellaneous classes, respectively. [18] [19] In this context for our experiments we selected five proteins from the most common three classes to compare their attachment behavior. The tertiary (3-D) structure of myoglobin that is a monomeric heme, consists of very high proportion (75%) of α-helices that fold to form a compact globular protein. The folding occurs in such a manner that almost all of the hydrophilic (polar) groups are on the outside of the protein, facing the aqueous environment. The hydrophobic groups are almost all inside the protein and the hydrophobic effect plays a large role in maintaining the stability of the folded protein. The α-helices mostly lie with one side of the helix facing the interior of the protein and the other facing the outside. For this reason the helices are amphipathic with the side facing the interior having amino acids with hydrophobic side-chains and the side facing to outside having polar side-chains. 20 Taking into account the isoelectric point of myoglobin (7.8) we assume that in our experiments it was mostly neutral. Our results also indicated that the adsorption yields of myoglobin on native PMMA polymeric surfaces were rather poor. However, its adsorption in microfabricated channels was greater. In an attempt to explain this phenomenon we compared its surface characteristics with those of other proteins studied (table 2) .
The data in Table 2 shows that the solvent-accessible surface area of myoglobin is very small (7832.6 Å 2 ) relative to its molecular weight. Human serum albumin, for example, has molecular weight about 3.5 times greater than myoglobin but has a solventaccessible area of 55270 Å 2 , or around 7 times more. A comparison of the dimensions of both molecules shows that myoglobin is far more compact than HSA, with a very smooth molecular surface, free of any atomic-size clefts. α-Chymotrypsin has a molecular weight of only 24000 D, but a surface area about 3 times larger than the area of myoglobin.
The proteins from the second structural class were represented by three proteins, IgGs, HAS, α-chymotrypsin. The IgGs structure is highly asymmetric despite having two identical heavy and two identical light chains and can be considered a "snapshot" of the broad range of conformations available in solution. The overall shape is between a Y and a T, with a 143° angle between the major axes of the two Fabs. The IgG spans 171 Å from the apex of one antigen-binding site to the other. According to our calculations presented in Table 2 , the size of the protein was estimated as 74 x 115 x 101 Å. It should be noted that IgGs had the high adsorption yield on both native PMMA polymeric surfaces and in microfabricated channels. Interestingly that IgGs as well as myoglobin presumably were neutral, yet the attachment behavior was completely different. This fact might be one more evidence that proteins adsorption control by a combination of factors. Another protein from the second structural class was human serum albumin, the most abundant protein in the blood. Because HSA acts as a fatty acid transporter, it has six binding sites for fatty acids. Petrash et al. 21 have shown that specific binding of HSA is one of the main factors in binding tenacity. α-Chymotripsin contains intricate folding of the tertiary structure. This folding results in a hydrophobic core and an outer hydrophilic surface, thus allowing the protein to interact with other proteins in the cytoplasm. Chymotrypsin consists of three chains. Since the beta barrel is antiparallel, the interior is expected to be hydrophobic and exterior hydrophilic which favourably interact with water molecules. 22 The adsorption capacity of the latter two proteins was quite similar ( fig.3-4) on plain surfaces although with greater yields in microfabricated channels especially for HSA. The isoeletric point of chymotrypsin and HSA is about 4.7, therefore we assumed that in our experiments these proteins were negatively charged.
Lysozyme belongs to the third structural class of the proteins. It has an alpha+beta fold, consisting of five to seven alpha helices and a three-stranded antiparallel beta sheet. The enzyme is approximately ellipsoidal in shape, with a large cleft in one side forming the active site. 22 Since isoelectric point of lysozyme is 10.7, in our experiments the molecules were slightly positively charged. However, this protein was poorly attached to plain hydrophobic PMMA surfaces and in the channels in comparison to other proteins studied. In summary, there seems to be no single factor but the combination of a few/several that might control the adsorption of proteins on PMMA polymeric surfaces. 
CONCLUSIONS
Protein-binding assay with fluorescent detection and quantification enabled rapidly analyse the adsorption properties of different proteins belonged to three major structural classes. The physico-chemical adsorption of human serum albumin, human immunoglobulin, α-chymotrypsin, lysozyme, and myoglobin in the micro-channels fabricated via a localized laser ablation of a protein-blocked thin gold layer (50 nm) deposited on a Poly(methyl methacrylate) films and native polymeric surfaces was 2.5-5 times greater than that on the plain PMMA polymeric surfaces. A surface mass density of adsorbed protein molecules on the latter defined with a protein-film thickness and a refractive index for the protein layer correlated with data obtained for fluorescently labeled proteins.
